Sequential disruption of the sheath of avirulent leptospires of the serotype canicola with antibody and complement was monitored by electron microscopy. Loosening and separation of the sheath from the protoplasmic cylinder was observed as early as 2 min after exposure to complement. Virulent leptospires of this serotype were morphologically intact after 1 hr of exposure to antibody and complement. Similarly, treatment of leptospires of the serotype patoc with normal serum and complement severely damaged the sheath structure. Removal of the sheath of both serotypes permitted lysozyme to act on the wall of the protoplasmic cylinder. Thus, morphological evidence for the location of the mucopeptide-containing structure of these leptospires was obtained. terminal knobs at opposite ends of the cell, and electron-dense intracellular bodies.
The mechanism of immune bacteriolytic reactions has long been under intensive investigation. Muschel (14) postulated that lysis of gram-negative bacteria by serum is mediated by the antibody-complement system with the help of serum lysozyme. Moreover, evidence indicated that the cell membrane of these organisms was the site of attack by complement. Although grampositive bacteria are resistant to complement, Muschel subsequently showed that protoplasts of Bacillus subtilis are susceptible to complement (15) . The report by Spitznagel (Bacteriol. Proc., p. 51, 1964 ) that normal serum increased the loss of 32p from labeled bacteria also points to cell membrane damage.
With electron microscopy and negative staining, Humphrey and Dourmashkin (7) demmonstrated 80 to 100 A pits or holes in the membrane of sheep erythrocytes lysed by the action of rabbit Forssman antibody and guinea pig complement. Similar holes, apparently associated with complement-dependent lysis, were observed in sheep erythrocyte membranes passively sensitized with Shigella shigae "O" somatic antigen and then treated with rabbit anti-Shigella antibody and guinea pig complement; human erythrocyte membranes lysed by human cold agglutinins and human complement; and Krebs Ascites tumor cells lysed by rabbit antibody against Krebs cells and rabbit or guinea pig complement. The holes were considered to represent localized changes in the lipid layer of the cell membrane resulting from activation of complement by antibody attached to the cell surface. Bladen et al. demonstrated strikingly similar lesions, 80 to 100 A in diameter, in Escherichia coli membranes after the action of serum and complement (1) . Lysozyme-induced E. coli spheroplasts, when treated with antibody and complement, showed identical lesions (1) .
Most pathogenic leptospires were found to be resistant to the leptospiricidal activity of normal rabbit serum, whereas many of the strains of serotype biflexa (nonpathogens) were susceptible to these serum substances (10) . Moreover, there was a direct relationship between virulence of the pathogenic leptospires and resistance to specific antibody (8) This report is concerned with electron microscopy of the sequential effect of antibody and complement on the surface structures of avirulent and virulent strains of serotype canicola and one strain of serotype patoc, a nonpathogenic leptospire found in natural waters. The cell structures exposed by this treatment and by the action of lysozyme are described.
MATERIALS AND METHODS
The serotypes of leptospires used in this investigation were canicola, SV31 (virulent); canicola, AQ (avirulent); and patoc, Patoc I (nonpathogen). The nomenclature used in this report is that recommended by a World Health Organization Expert Group (22) .
The cells used in the test procedures were grown in a Tween 80-albumin medium (9), a modification of that described by Ellinghausen and McCullough (5) , and were harvested from cultures in the logarithmic phase of growth. The incubation temperature was 30 C.
The pooled normal rabbit sera used as the source of complement and the immune serum were prepared as previously described (8) . The immune leptospiricidal assay and animal virulence determinations were also performed as described previously (8) .
Leptospires 7.4 . The concentration of lysozyme used in the test system was 50 jug/ml.
Cells to be sectioned were fixed in 1% osmium tetroxide in Veronal-acetate buffer (11) . After fixation, cells were dehydrated in ethyl alcohol and embedded in Epon 812 (13) . Sections were stained with lead citrate (17) .
All electron micrographs were taken with a Siemens Elmiskop IA electron microscope.
RESULTS
Morphology of serotype canicola. Negatively stained cells of the avirulent strain of serotype canicola appeared smoothly coiled with large, electron transparent blebs at the terminal ends and generally smaller blebs spaced randomly over the organism ( Fig. 1 and 2) . These round or irregularly shaped blebs were often 0.5 ,u or more in diameter and were continuous with the enveloping sheath. They were generally attached to the sheath covering the spiral portion of the organism, either through a short narrow neck ( Fig. 1 and 2 ) or a longer umbilical-like structure about one-third the diameter of the cell (Fig. 3) . Often, two or three blebs of varying size were interconnected by short or long necks (Fig. 3) . The blebs appeared to be easily separable from the cell since they were often observed free on the supporting film as spheres or irregular bodies (Fig. 2) . The spiral portions of serotype canicola had surface lumps ( Fig. 1-3 ), which we interpreted as projections of dense intracellular bodies of unknown composition and function. The axial filaments were not seen in intact organisms, although their location was perceived in some micrographs by a distension of the outer sheath.
Effect ofimmune serum and complement on serotype canicola. Cells of the avirulent strain of serotype canicola were observed at intervals after the addition of specific antibody and complement. Avirulent organisms were highly susceptible to the action of antibody and complement, showing a progressive disruption with increasing exposure. Blister-like sheath protrusions were observed after 2 min, and penetration of phosphotungstate indicated separation of the sheath from the protoplasmic cylinder (Fig. 4) . At 4 min, separation of the sheath along the entire length of many cells was observed, and in some cases only fragments of sheath remained in association with the protoplasmic cylinder ( Fig. 7 through 12 ). Some organisms were completely lysed at 6 min ( Fig. 5 ), but the majority of cells, although devoid of sheath, retained their shape when left overnight in antibody and complement. Dark-field microscopy indicated that 90 to 100% of the organisms were immobilized after 20 to 30 min of treatment with antibody and complement.
Cylindrical portions of sheath that were stripped from cells by the serum-complement treatment often showed a periodicity of about 40 A (Fig. 5, 6 , 11, 13). This sheath periodicity was not detected in preparations of control cells, and presumably was observed on the inner surface of cylindrical sheath fragments with longitudinal breaks.
Removal of the sheath revealed structures not well observed in normal cells. Lamellar or membranous bodies which protruded from the protoplasmic cylinder and folded back upon the surface of the cylinder were apparent ( Fig. 7-9 ). These bodies are presumably located between the wall of the protoplasmic cylinder and the sheath. Similar membranous masses were observed in the region of the "terminal organ," close to the terminal knob of the axial filament.
Two axial filaments, one at each end of the organism, were also evident after removal of the sheath. The filaments were not continuous from one end of the cell to the other in mature cells ( Fig. 10 and 12 observed ( Fig. 10-12 ). In most micrographs, the axial filaments appeared to lie on one side of the flattened cell coils and were not located within the coils.
Finally, loss of the sheath revealed the electrondense intracellular bodies ( Fig. 12 and 13 ), which were observed as surface lumps on control cells (Fig. 1-3 cell diameter and constituted a significant portion of the total volume of some cells.
Cells of the virulent strain of serotype canicola were also treated with specific antibody and complement. In contrast to the cells of the avirulent strain, these organisms were not affected by antibody and complement treatment for 60 min or longer (Fig. 17) . 13 ). Treatment of these cells with 50 ,g of lysozyme per ml for 3 hr at 37 C produced a change in the wall of the protoplasmic cylinder ( Fig. 14-16 ). by the lysozyme, producing diffuse material which presumably represented cell wall constituents. These observations indicated that the structure limiting the protoplasmic cylinder contained the mucopeptide and hence represented the wall-membrane complex of these leptospires. The presence of an outer intact sheath prevented lysozyme from having access to this structure.
Structure of serotype patoc. Untreated serotype patoc, negatively stained with phosphotungstate, possessed smooth coils about 0.15 to 0.2 , in diameter (Fig. 18) . Positioned randomly over the surface of the organisms were electron-transparent, irregularly shaped blebs which were continuous with the sheath of the organism. Normal serum and complement had an effect on serotype patoc similar to that observed with serotype canicola treated with immune serum and complement. After 1 hr of treatment with normal rabbit serum, the outer sheaths of these leptospires were severely damaged. When the sheath was removed, we were able to detect the axial filaments and the limiting wall of the protoplasmic cylinder ( Fig.  19 and 20) .
As with serotype canicola, viable cells of serotype patoc were resistant to treatment with 50 ,ug of lysozyme per ml alone for at least 24 hr at 37 C. However, damage to or removal of the outer sheath by normal serum permitted the action of lysozyme. When these cells were treated for 3 hr at 37 C with lysozyme, the wall-membrane complex became diffuse (Fig. 21) . Figure 22 shows a lysozyme-treated cell separated into fragments, presumably due to stress applied to the disrupted wall-membrane complex during drying in specimen preparation.
Sections of untreated serotype patoc revealed the structure of the outer sheath and the wall of the protoplasmic cylinder. The 110 A outer sheath of both serotype patoc and serotype canicola consisted of three dense layers with intermediate light zones, a total of five layers (Fig. 24) . The outer layer of the sheath was not well preserved in some thin sections, giving the sheath a three-layered appearance (Fig. 23) . The The dense intracellular bodies observed in negatively stained organisms devoid of sheath appeared in sections as tightly packed, finely granular structures (Fig. 23) . Central fibrillar areas, presumably the nuclear vacuoles (Fig. 23) 
D1scussIoN
Electron micrographs of immune-lysed cells of serotypes hebdomadis (20) and icterohaemorrhagiae (21) demonstrated cell disruption with release of undamaged axial filaments, but the site of action of antiserum and complement remained obscure. The present micrographs indicate that the outer sheath of serotypes canicola and patoc is the primary target of complement. The integrity of this structure is rapidly destroyed, and nOnviable leptospires devoid of outer sheaths are produced.
The resistance of the virulent strain of serotype canicola to the action of antibody and complement cannot be explained at present. Perhaps this resistance reflects differences in sheath composition or structure. It was previously shown that 8-azaguanine-treated virulent leptospires became sensitive to antibody and complement without a loss in animal virulence, but became resistant to antibody and complement in vivo before the production of lethal concentrations of antibody (8) . Our electron micrographs did not indicate morphological differences in sheath structure of avirulent and virulent leptospires.
Treatment of "4C-labeled avirulent leptospires with antibody and complement resulted in their death and a release of 56% of their 14C label (10) . The destruction of the outer sheath of the leptospires by this treatment, without apparent effect on the wall-membrane complex, suggested that the integrity of the outer sheath was necessary for the viability of these organisms. Thus, both the sheath of leptospires and the wall-membrane complex may be involved in the permeability control function.
The outer sheath of serotype canicola, consisting of five layers (dense-light-dense-lightdense), is morphologically similar to the fivelayered sheath seen in serotype icterohaemorrhagiae (16) , but different from the triple-layered (dense-light-dense) sheath structure described for serotype pomona (19) . The five-layered sheath of serotype patoc was discernible in thin sections.
A sheath with five layers (dense-light-denselight-dense) was also observed by Listgarten and Socransky in a large spirochete isolated from a lesion of acute necrotizing ulcerative gingivitis (12) . The envelope of the oral spirochete was characterized by a "pin-striped" appearance in negatively stained preparations. No pattern was detected in negatively stained normal sheaths of the serotypes canicola and patoc. However, a 40 A periodicity was observed in pieces of sheath from serotype canicola cells treated with antibody and complement. This periodicity was detected on tubular sheath fragments which presumably connected blebs to the sheath of the protoplasmic cylinder in intact cells. Whether the periodicity was produced by antibody action or was merely exposed by longitudinal breakage of tubular sheath fragments is unknown.
No pits orholes of the size described by Bladen, Evans, and Mergenhagen (1) in immune-lysed E. coli membranes were observed in fragments of leptospiral sheaths removed by antibody and complement.
Ginger (6) demonstrated the presence of muramic acid in serotype biflexa and suggested that this serotype has a cell wall similar in structure to that of the bacteria. Yanagawa and Faine (23) did a morphological and serological analysis of serotype icterohaemorrhagiae and found that muramic acid and glucosamine were located in the wall of the protoplasmic cylinder. We demonstrated that viable leptospires with intact outer sheaths were resistant to lysozyme. When the integrity of the sheath was destroyed with antibody and complement, lysozyme acted upon the wall of the protoplasmic cylinder. Thus, we have morphological evidence that the mucopeptide of serotypes canicola and patoc is located in the wall of the protoplasmic cylinder. The wall of the protoplasmic cylinder of these leptospires is similar to the cell wall of bacteria in that it provides helicoidal rigidity. In addition, it has a morphology similar to the bacterial cytoplasmic membrane. Both the wall-membrane complex and the sheath of these leptospires may be involved in permeability control. (16) , the "triple-layered membrane" bounding the cytoplasm of serotype pomona (19) , the "membrane" in a large oral spirochete (12) , and the "concentric lamination" of the protoplasmic cylinder of a small oral Treponema strain FM (2). It is possible that all of these structures contain the mucopeptide wall components of the respective organisms.
There is no evidence in serotypes canicola and patoc for the fibrillar perimural structure reported by Yanagawa and Faine in serotype icterohaemorrhagiae (23) . However, deoxycholate treatment was necessary to reveal the perimural fibrils in this organism, a procedure not tested in the present study. Perhaps deoxycholate and mild trypsin treatment release a portion of the wall-membrane complex of serotype icterohaemorrhagiae, giving rise to the perimural fibrils. Thin sections of serotypes canicola and patoc showed only a triplelayered (dense-light-dense) wall beneath the sheath. The outer dense layer of the wall-membrane complex was thicker than the inner dense layer and may contain the mucopeptide portion of the wall.
As in serotype pomona (19) , cells of serotypes canicola and patoc showed two independent axial filaments, each attached to "terminal knobs" at opposite ends of the cells and lying free along the protoplasmic cylinder. In mature organisms, the axial filaments were not continuous between the terminal insertions, in agreement with the structure of serotype pomona (18, 19) and oral spirochetes (12) . Generally, protoplasmic cylinders of serotypes canicola and patoc did not seem to wind helically around the axial filaments; rather the axial filament seemed to be free against one side of the helical cell. However, in some cells, the axial filament was braided with the protoplasmic cylinder for 2 to 4 coils from the terminal end. Contrary to the report of Czechalowski (4), there was no evidence that the axial filaments in serotype canicola were two-stranded or multistranded.
The cytoplasms of serotypes canicola and patoc were similar in thin sections and consisted of a central fibrillar area, presumably representing the deoxyribonucleic acid-plasm, surrounded by a granular matrix. This composition is probably quite analogous to the standard cytoplasmic structure of bacteria. Mesosomes or lamellar structures, described by others in leptospires (19) , were also apparent. The lamellar structures in serotype canicola were unusual in that they appeared to be anchored in or on the wall-membrane complex and folded back over the outside of the complex. Therefore, they are, in effect, positioned between the wall of the protoplasmic cylinder and the enveloping sheath. The possibility that they are extruded from the cytoplasm upon removal of the sheath in a manner analogous to the extrusion of 
